The cytoskeletal protein talin plays a key role in activating integrins and in coupling them to the actin cytoskeleton. Its N-terminal globular head, which binds β-integrins, is linked to an extended rod having a C-terminal actin-binding site and several vinculin-binding sites (VBSs). The NMR structure of residues 755-889 of the rod (containing a VBS) is shown to be an amphipathic 4-helix bundle with a left-handed topology. A talin peptide corresponding to the VBS binds the vinculin head; the X-ray crystallographic structure of this complex shows that the residues which interact with vinculin are buried in the hydrophobic core of the talin fragment. NMR shows that the interaction involves a major structural change in the talin fragment, including unfolding of one of its helices, making the VBS accessible to vinculin. Interestingly, the talin 755-889 fragment binds more than one vinculin head molecule, suggesting that the talin rod may contain additional as yet unrecognised VBSs.
. Recently, we described the structure of the N-terminal part of the talin rod (residues 482-789; Papagrigoriou et al., 2004) , a region which contains the vinculin-binding site VBS1. The residues involved in vinculin binding align on the hydrophobic face of an amphipathic helix that is normally buried within the hydrophobic core of a five helix bundle. We now report the solution structure of an adjacent region of the talin rod (residues 755-889) that contains another vinculin binding site, VBS2, together with studies of its interaction with the vinculin head by crystallography and NMR. We show that this region is also a helical bundle, and combine the new structural information with our earlier work to propose a model for the structure of the N-terminal 400 residues of the talin rod. We show that the interaction of talin VBS2 with vinculin is similar to that reported for VBS3 and, importantly, that this interaction requires a major structural change in talin 755-889, including complete unfolding of one of its four helices.
Results

Structure of the talin 755-889 fragment
Talin 755-889 in solution gives a well-resolved NMR spectrum, with linewidths indicating that it is a monomer. The resonances have been assigned by conventional triple-resonance experiments using The surface of the bundle is predominantly made of charged or polar residues. However, there is a relatively large flat hydrophobic patch in the vicinity of Phe813 at the interface between helices H1 and H2, and there is a narrow groove of exposed hydrophobic side-chains at the interface between helices H1 and H4. As discussed below, these hydrophobic regions around helix H1 may be important for domain assembly in the talin rod structure.
Structural comparisons
Using DALI (Holm and Sander, 1997) , the overall structure of talin 755-889 was found to be similar to those of several other helical bundle proteins, in particular to invertase inhibitor (PDB 1RJ1, DALI Z-score 12.1, rmsd 2.2Å), to a de novo designed protein s-824 (PDB 1p68, DALI Zscore 8.88, rmsd 2.6Å) and to domain 2 (residues 656-789) of the talin rod whose structure we reported recently (Papagrigoriou et al., 2004) . The comparison of talin 755-886 and talin 656-789 is shown in Figure 1c (DALI Z-score 11.8, rmsd 2.4Å). All these proteins contain a 4-helix bundle structural motif with a left-handed topology; the left-handed bundle topology is currently much less common than the right-handed in the PDB, these proteins being the only examples. Several proteins with right-handed topology also showed significant similarity to talin 755-889, notably the FAT domain of FAK (PDB 1k40, DALI Z-score 7.3, rmsd 2.4Å) and α-catenin (PDB 1h6g, DALI Zscore 7.2, rmsd 2.6Å). Both left-and right-handed bundles with high Z-scores have similar nearparallel orientation of the helices. All the α-helices of these structures are amphipathic, with the hydrophobic faces of the helices forming the core of the structures and the hydrophilic faces being solvent accessible. The structure of talin 755-889 has additional features resembling those of the FAT domain: a methionine-based cluster at one end of the structure, and a partially buried tyrosine side-chain capping the hydrophobic cluster at the other end.
Notwithstanding these similarities, talin 755-889 has one structural feature that distinguishes it from all the above helical bundles, the large unstructured loop between helices H1 and H2 (Figure 1a ,b).
The C-terminal end of helix H2 is positioned at the same level as the ends of the other three helices in the bundle, as seen in the helical bundles of the other proteins. However, the N-terminal end of this helix is offset by approximately two helical turns from the end of the bundle, and the H1-H2
loop can be thought of as an unwinding of the N-terminal part of helix H2. The length of this loop (~12 residues) would be sufficient for the helix to be the same length as the others, but the amino acid composition within the loop, in particular the G 791 AGPAG 796 sequence (Figure 1d ), would make the helical structure unstable. The shorter length of helix H2 makes the structure of the bundle open at the loop end. The H1-H2 loop is large and flexible, while the neighbouring loop connecting helices H3 and H4 is relatively short but unstructured in the region 847-852. The existence of the shorter helix H2, and the predicted decreased stability of the helical bundle may be important for the regulation of the talin-vinculin interaction.
The overall structure of the talin rod Talin 755-889 overlaps by one helix with the talin 482-789 fragment, which comprises distinct 5-and 4-helix bundles packed together by hydrophobic surface contacts (Papagrigoriou et al., 2004) .
A simple superposition of the structures based on this common helix (Figure 2a ) demonstrates that the surfaces of the helices that are buried inside the 482-789 and 755-889 fragments are distinctly different, so that most of the intra-bundle contacts can be satisfied simultaneously. In addition the 755-889 bundle is positioned on the opposite face of the 656-789 4-helix bundle to that occupied by the N-terminal 482-655 5-helix bundle. However, the simple superposition results in clashes between helices H8 of talin 482-789 and H4 of talin 755-889 and to resolve these some structural rearrangement of the helical bundles from the two fragments must occur.
The feasibility of such a structural rearrangement was assessed by molecular modelling.
Intramolecular contacts within individual helical bundles were converted into distance restraints with upper and lower limits adjusted to ensure that the original structures are faithfully reproduced on the basis of these simulated restraints. In addition, backbone dihedral angle restraints for the helical regions were used to maintain the secondary structures. The restraints for the individual domains were then combined and a set of structures were generated, minimising the restraint Since the fragment talin 482-789 comprises distinct 5-and 4-helix bundles (Papagrigoriou et al., 2004) , we can add the N-terminal 5-helix bundle comprising residues 482-655 to the 7-helix bundle model for residues 656-889 to obtain a model for the first 400 residues of the talin rod. This model has been obtained by the same kind of minimisation of restraint violations and is shown in Figure   2d .
The binding of a VBS2 peptide to the vinculin head
A peptide corresponding to the vinculin binding site VBS2 (residues 849 to 879; corresponding to helix H4 in talin 755-889) was synthesised; a complex of this peptide with the vinculin head (Vh') crystallised in spacegroup P2 1 2 1 2. The structure was determined to 2.38Å and refined to an R factor of 0.242 (Supplementary Table 1 ). One complex is observed in the asymmetric unit with residues 0 to 251 modelled for vinculin and residues 853-876 for the talin peptide. The overall organisation of the Vh'-VBS2 structure is topologically equivalent to that of the Vh'-VBS1 and Vh'-VBS3 complexes reported recently Papagrigoriou et al., 2004; Izard and Vonrhein, 2004 ) and consists of two subdomains. At the N-terminus four helices (α1-α4) from Vh' surround a fifth helix formed by residues 853-876 from the talin VBS2. This domain is connected to the second domain of Vh' through an elongated helix α4. The contacts made between residues in the VBS2 (H4) helix and Vh' are compared to those within the 4-helix bundle of talin 755-889 in Figure 3 . The majority are hydrophobic contacts, but with some isolated polar interactions. For example, unlike VBS1 and VBS3, VBS2 has an N-terminal Lys855 sidechain which is able to form a weak salt bridge to Glu59 of Vh'. In all three Vh'-VBS peptide complexes, the carbonyl oxygen of the residue corresponding to VBS2 Ala868 forms a hydrogen bond to the sidechain of Vh'
Gln18. The comparison in Figure 3 shows clearly that the hydrophobic face of the amphipathic talin VBS2 (H4) helix is buried within the Vh' complex just as it is within the 4-helix bundle of talin 755-889. It is thus clear that binding of the VBS2 sequence of talin 755-889 to Vh' could only take place if the talin 4-helix bundle structure was disrupted; NMR studies of the formation of this complex demonstrated that this does indeed occur.
The interaction of talin 755-889 with the vinculin head
The formation of the complex between the whole talin 755-889 fragment and the vinculin head The stoichiometry of the Vh' -talin 755-889 interaction was assessed independently by native PAGE experiments, using talin 482-636, which we previously showed (Papagrigoriou et al., 2004) to form a 1:1 complex with Vh', for comparison. Titrations were carried out using a fixed amount of each talin fragment (14µM) and increasing amounts of Vh' (3.4 to 55µM). Talin showed an anomalously high apparent molecular weight, which was attributed to its extended and partly unfolded structure (Papagrigoriou et al., 2004) . Addition of an equimolar amount of Vh' to talin 482-636 resulted in the disappearance of the band corresponding to free talin 482-636 and the appearance of a band corresponding to the complex. Further addition of Vh' led to the appearance of a band corresponding to free Vh' with no increase in the intensity of the complex (Figure 4d bottom, lanes 6-8). This is consistent with the 1:1 stoichiometry of the Vh'-talin 482-636 complex reported earlier (Papagrigoriou et al., 2004) . By contrast, in experiments with Vh' and talin 755- 
Discussion
The NMR data reported here shows that the talin fragment 755-889 forms a stable 4-helix bundle with a topology and structure similar to the 4-helix bundle 656-789 from the larger preceding fragment 482-789, whose crystal structure we have recently determined (Papagrigoriou et al., 2004) ; combining these two structures leads to a model for the talin region 482-889 consisting of a 5-helix bundle packed against a 7-helix bundle. The sequence of the remaining ~1600 residues of the talin rod has very similar characteristics to talin 482-889, suggesting that it may comprise similar domains comprising 5-and 7-helix bundles, perhaps linked by unstructured regions. The Cterminal end of the model structure is accessible to the solvent and the sequence immediately following contains a number of charged and polar residues (Figure 1d ), suggesting formation of an unstructured loop; the model could thus easily accommodate an extension of the structure to build up the full talin rod. A surface hydrophobic patch between helices H1 and H4 of talin 755-889 extends from one end to the middle of the 7-helix bundle, and is similar to the area of contact between the 5-and the 4-helix bundles in talin 482-789. It may be involved in a hydrophobic contact with helical bundle domains formed by adjacent residues of the talin rod; this would create a staggered domain arrangement, similar to that observed in talin 482-789. However, the repetitive nature of the predicted amphipathic helices and the high alanine content make it difficult to be sure whether the proposed structure of the first 400 residues is indeed repeated along the whole talin rod.
The structures of talin rod fragments 482-789 and 755-889 show that the amino-acid residues known to be important for vinculin binding are buried in the core of the helical bundle, implying that these conformations would be inactive in terms of Vh' binding. This is clearly seen in a direct comparison of the location of the vinculin binding residues in the structures of talin 755-889 and of the vinculin Vh'-VBS2 peptide complex (Figure 3 ). This would also be true of the modelled 7-helix bundle conformation of talin 656-889. Therefore, there must be a significant conformational rearrangement of these helical bundles in order to permit binding to Vh'. We earlier obtained This, together with the results of NMR titration and native PAGE experiments, indicates that more than one molecule of Vh' can bind to this 4-helix fragment. This unexpected observation raises the possibility that in vivo, the vinculin head can bind to the talin rod at more than the three sites identified earlier (Hemmings et al., 1996; Bass et al., 1999) . The NMR spectra also clearly indicate that the talin rod becomes more flexible, due to the unfolding of the helical bundles, when vinculin binds.
Figure 5 illustrates that it is stereochemically possible for three vinculin head molecules to bind to helices H1, H3 and H4 of the unfolded talin 755-889. While the regions of the talin rod corresponding to H1 and H3 had not previously been identified as vinculin binding sites, the sequence comparison in Figure 5b shows that the postulated vinculin contact residues in these helices are sufficiently similar to those in VBS1, VBS2 and VBS3 to make vinculin binding by H1
and H3 plausible. Interestingly, F-actin and PIP2 have been reported to induce formation of vinculin dimers (Johnson and Craig, 2000) and trimers (Johnson and Craig, 2000; Huttelmaier et al., 1998) respectively via self association sites in the vinculin tail domain, and talin VBS2 may favour recruitment of such vinculin complexes. The fact that previously unrecognised vinculin binding helices exist within the talin rod, and that vinculin increases the flexibility of the talin rod,
suggests that vinculin will have a marked effect on the structure of the initial talin/actin complexes assembled on the cytoplasmic face of integrins. This would be consistent with the finding that although vinculin is not required for the assembly of focal adhesions (Xu et al., 1998) 
Methods
Expression of recombinant talin and vinculin polypeptides
Limited proteolysis with trypsin of a chick talin construct spanning residues 727-965 led to a resistant 14kDa fragment which was identified as comprising residues 755-889. The cDNA encoding murine talin residues 755-889 was synthesised by PCR using a mouse talin-1 cDNA as template, cloned into the expression vectors pET-15b and pET-11a (Novagen, Merck Biosciences, Nottingham) and expressed in E. coli BL21 (DE3) cultured either in 2YT for unlabelled protein, or in minimal media (Marley et al., 2001 ) for preparation of labelled samples for NMR. Recombinant
His-tagged talin 755-889 was purified by nickel-affinity chromatography following standard procedures. The His-tag was removed by cleavage with thrombin, and the protein further purified by ion-exchange chromatography and gel-filtration. Recombinant untagged talin 755-889 fragment was purified by ion-exchange chromatography followed by gel-filtration. Both proteins were judged to be pure by SDS-PAGE and were authenticated by N-terminal sequencing. Recombinant Histagged chick vinculin head (Vh', residues 1-258) was expressed in pET-15b and purified as described for the talin polypeptides. Protein concentrations were determined using the BCA Protein Assay (Pierce, Rockford, IL, U.S.A.).
NMR Spectroscopy
NMR experiments for resonance assignment and structure determination of the talin 755-889 fragment were performed in buffer comprising 20mM sodium phosphate, 50mM NaCl, 0.02 % (w/v) NaN 3 at pH 6.5. CryoProbe. All spectra were processed using nmrPipe (Delaglio et al., 1995) and analysed with NMRView (Johnson and Blevins, 1994) . Backbone and side-chain assignments were obtained using standard triple-and double-resonance experiments (Sattler et al., 1999) . The program AUTOASSIGN (Moseley et al., 2001 ) was used for the backbone assignments of talin 755-889.
Prochiral CH 3 groups of all Val and Leu residues apart from Leu 56 and Leu 106 were assigned using [ 1 H,
13
C] CT-HSQC spectra of 10% 13 C labelled samples (Neri et al., 1989) . H 2 O (600 MHz, 100 ms). All NOESY peaks were picked automatically using NMRView and noise and artefact peaks were removed manually. Cross-peak intensities were used to evaluate target distances. Initial models were generated with CYANA using the CANDID (Herrmann et al., 2002 ) method for NOESY crosspeak assignment and calibration. These models were used as initial structures in structure calculation by ARIA (Linge et al., 2001) . The acceptance tolerances in the standard protocol of ARIA1.2 were modified to set violation tolerances to 4.0, 2.0, 1.0, 0.5, 2.0, 1.0, 0.5 Å for iterations 2-8, respectively, with iteration 1 containing the initial models. Floating chirality was restricted to CH 2 , NH 2 and the chirally unassigned CH 3 groups of Leu 56 and Leu 106. Cross-peaks rejected by ARIA were checked manually and, if found reliable, added to the calculation. 100 structures were calculated at each iteration, the 20 lowest energy retained and 10 used for the restraint analysis. The 20 lowest energy structures from iteration 8 were further refined in the presence of explicit water molecules. The structural statistics are presented in Table 1 ; the set of 20 lowest energy structures has been submitted to the Protein Data Bank (1U89). Structures were analysed using VMD (Humphrey et al., 1996) . Figures were generated with VMD, PYMOL (http://www.pymol.org) and
NMR structure calculation
MolScript (Kraulis, 1991) .
Molecular modelling
The model of the combined fragment 482-889 based on the X-ray structure of talin 482-789 (Papagrigoriou et al., 2004) and the NMR structure of talin 755-889 was generated using ARIA 1.2 protocols for NMR structure calculations. A set of interproton distance restraints and backbone dihedral angle restraints were calculated for each experimental structure and combined during the structure calculation. In case of the X-ray structure protons were added with a standard CNS (Brunger et al., 1998) protocol prior to restraint calculation. Interproton distances less than 6Å between all non-exchangeable and backbone NH protons in α-helices were selected as the target distances for the restraints. For methylene and methyl groups a single effective distance calculated according to the SUM option of the CNS distance target function was evaluated and used during the model calculation. The upper and lower tolerances were set to ±30% of the target distance.
Backbone dihedral angles for the helical regions of the structures were evaluated using a standard CNS protocol. Models satisfying these restraints were calculated for the regions 486-781, 656-781 and 755-888, corresponding to the experimentally determined structures, and for 656-888 and 486-888, corresponding to the combined 7-and 12-helix fragments. 200 structures were generated for each fragment and the 20 best were subjected to further refinement in the presence of explicit water molecules. The numbers of restraints and rmsd differences between the modelled and experimental structures are presented in Table 2 ; the lowest energy theoretical model has been submitted to the Protein Data Bank (1XWX).
X-ray crystallography
Recombinant His-tagged chick Vh' was expressed and purified as described earlier (Papagrigoriou et al., 2004) . The purified protein was transferred into 20 mM Tris-HCl, pH 8, 0.2M NaCl, 5mM DTT, concentrated to 8.9 mg/ml, aliquoted and stored at -180°C. A peptide corresponding to chick talin VBS2 (residues 849 to 879, corresponding to helix H4 in talin 755-889) was synthesised and HPLC-purified (Alpha Diagnostics, San Antonio, USA). The peptide was dissolved in water and added to the recombinant Vh' at an equimolar ratio. Crystals of space group P2 1 2 1 2 were grown from 0.1M Tris-HCl, 10mM MgCl 2 , 21% PEG 8000, pH 7.5, at 20°C. Data were collected at the ESRF, beamline 14-2, using an ADSC CCD detector (λ=0.933) and the structure was solved by molecular replacement using AmoRe (CCP4 suite) with the structure of the Vh'-VBS3 peptide complex (our unpublished data) as a search model. The Vh'-VBS2 model was built using XtalView (McRee, 1999) and refinement was carried out using REFMAC (CCP4 suite), to a final R factor = 0.242 for all data between 30Å and 2.38Å and R free = 0.322. The main chain torsion angles of 88.9% of the residues lie within most favored regions, 7.5% in additional favoured regions, 2.4% in generously allowed regions. Data collection and refinement statistics are given in Supplementary   Table 1 . The structure has been submitted to the Protein Data Bank (1U6H).
PAGE analysis of talin 755-889 binding to Vh'
For both the talin 482-636 and 755-889 titrations, a 0.15mM vinculin head (Vh') solution was added to 14µM talin. The talin/vinculin molar ratios tested were 1:4, 1:2, 1:1, 1:2, 1:3 and 1:4. The final volume of each assay was 20µl in a buffer of 20mM sodium phosphate, 200mM NaCl, 5mM DTT, pH 6.5. 20µl of 2x Tris-Glycine sample buffer was added to each sample prior to electrophoresis for 2 hr at 125V using 12% Novex ® Tris-Glycine gels. Gels were stained using SimplyBlue™ Safe stain (buffer, gels and stain from Invitrogen Corporation, UK). Side-chains of the VBS2 residues involved in the interaction with Vh' are shown in red in both structures, illustrating the fact that these residues are buried in the hydrophobic core of both structures. Tremuth, L., Kreis S., Melchior C., Hoebeke J., Ronde P., Plancon S., Takeda K., and Kieffer N. 
